INTRODUCTION
It is well known that unstable carotid atherosclerotic plaques have a higher lipid and hemorrhage content, and less fibrous tissue and calcification. 1, 2 The tissue content of carotid plaques has been shown to correlate with features obtained through ultrasound images, such as the gray scale median (GSM). Namely, plaques with high lipid and hemorrhage content appear echolucent on ultrasound with low GSM, whereas fibrous plaques with or without calcification appear echogenic with high GSM. 3, 4 Symptomatic plaques have been shown to be more echolucent than asymptomatic plaques. 5, 6 Furthermore, asymptomatic plaques appearing echolucent with a low GSM are more likely to produce symptoms in the near future. 6e8 However, it is important to note that the use of GSM alone is imperfect as it assesses the overall brightness of the plaque but not the heterogeneity/homogeneity of the plaque. Moreover, studies have not agreed on a specific cutoff for GSM to be associated with symptomatology, although the majority of the evidence points to GSM <40 to be associated with symptomatology. 9e12 More recently, we have used commercially available digital image analysis software, developed by our group, to extract textural features (morphological features) in addition to GSM from ultrasound images of carotid plaques. We have shown that it is possible not only to distinguish between asymptomatic and symptomatic plaques but also types of symptomatology (amaurosis fugax [AF] , transient ischemic attack [TIA] , stroke). 13, 14 Furthermore, using the same image analysis software, the Asymptomatic Carotid Stenosis and Risk of Stroke (ACSRS) study found that a combination of texture features and clinical characteristics could predict the risk of future cerebrovascular events (receiver operating curve ¼ 0.832). 15, 38, 39 Although atherosclerotic plaques have been shown to develop at particular sites, there is substantial evidence showing that having plaques in one area is associated with the presence of plaques in other areas, 16, 17 and patients who develop plaques in one carotid artery are likely to develop plaques in the contralateral artery. 18 However, it is not well studied whether the presence of carotid plaque instability on one side is associated with plaque instability on the contralateral carotid side. Therefore, our objective was to assess the correlation of echodensity and textural features, using ultrasound and digital image analysis, between high-grade stenosis plaques in patients undergoing carotid endarterectomy (CEA) and their contralateral plaques.
METHODS

Patients and clinical variables
Consecutive patients with high-grade carotid stenosis scheduled for CEA were recruited from Vascular Surgery at the Royal Victoria and Jewish General hospitals in Montreal, Canada. All patients underwent pre-operative screening including physical examination. In case of symptomatic disease, non-carotid related sources, such as cardio-embolic causes were excluded. Patients were eligible for enrollment if they had an asymptomatic contralateral (to the surgical side) carotid plaque, while those with a previous intervention on either carotid artery were excluded. Plaque was defined as a focal structure encroaching into the arterial lumen of at least 0.5 mm or 50% of the surrounding intimamedia thickness value, or demonstrating a thickness >1.5 mm as measured from the media-adventitia interface to the intimaelumen interface. 19 Patient demographics and clinical information including detailed symptomatology, past medical history, and medications were obtained from (a) patient interview, (b) a detailed patient questionnaire, and (c) patient medical records. Height and weight, to calculate body mass index, and blood pressure were measured according to guidelines. 20 
Ultrasound examinations
Using a Philips IU22 (Andover, MA, USA) ultrasound machine and a linear 9e3 MHz probe, bilateral carotid examinations were performed by the same, experienced vascular ultrasonographer. Specifically, transcutaneous realtime B-mode was used at a medium frame rate, linear postprocessing curve, minimal persistence, and maximum dynamic range. 21 Plaques were located and centered on the screen in the longitudinal axis. Cine loops of plaques of both arteries were saved and stored in B-mode and color. One high-quality B-mode frame showing the greatest plaque stenosis was saved and used for image analysis. Doppler signals were acquired from each arterial segment (common carotid, internal carotid, external carotid) to obtain velocities, and calculate degree of stenosis according to the North American Carotid Endarterectomy Trial (NASCET) criteria. 22 
Visual plaque classification
Plaques were classified into five types according to visual estimation of overall echodensity: type 1 (completely echolucent lesions, sometimes a thin fibrous cap is visible), type 2 (predominantly echolucent lesions having <50% echogenic components), type 3 (predominantly echogenic with <50% echolucent components), type 4 (uniformly dense echogenic lesions with <10% echolucent components) and type 5 (calcified plaques with excessive acoustic shadow). 5
Digital image analysis
All analyses were performed after normalization of image brightness. 10À12, 23 Using commercially available software ("Plaque Texture Analysis software", LifeQMedical Ltd: www.lifeqmedical.com), developed by our group, carotid plaques were manually outlined, by one of the authors (RJD), with the aid of the corresponding color image, depicting blood flow through the artery. If multiple plaques were present (i.e. on the near and far walls), all plaques were outlined together and included in a combined analysis. The carotid plaque outline was saved as a separate file, which was used for subsequent analysis. Fifty-two histogram and texture features of the gray tones automatically produced by the software within the outlined plaque area were extracted using established algorithm methods, as previously described. 13, 14 An example of how digital image analysis is performed can be found in Supplemental Fig. 1 . A random sample of 20% of patients had surgical and contralateral images re-analyzed by the same operator (RJD) and independently by a second operator (AJD) to assess intra-and inter-observer reproducibility, using the Bland-Altman method.
Statistical analyses
All statistical analyses were performed in SPSS version 11.5 or R software (version R2.14.2). Principal component analysis (PCA) was used to reduce the number of imaging variables. Initially PCA was performed on the surgical side imaging variables of the whole group (n ¼ 104); the identified weights were then applied to the contralateral side creating surgical and contralateral PCA variables with the same weights. Partial correlations were calculated for PCA and imaging variables with age, sex, contralateral stenosis (binary; >50%, 50%) and statin treatment (binary) as covariates. All analyses were performed comparing variables from the surgical side to the contralateral side. Subanalyses were performed according to degree of contralateral stenosis (>50%, 50%), symptomatology (yes/no), symptomatology type (AF, TIA, and stroke), and time between symptomatic event and ultrasound. Time since symptom was categorized as <30 days, 30e90 days, and >90 days, in line with previous studies on histology and echodensity. 24À26 To determine differences between correlations, Fisher r-to-z transformation was performed to compare two groups, and chi-squared test was used to compare more than two groups. Bland-Altman analysis was used to assess intra-and inter-observer reproducibility of one imaging feature, % pixels below GS 50. Significance was considered to be p < .05.
Ethics
This study was approved by the McGill University Ethics Review Board. All patients provided written informed consent.
RESULTS
We recruited 128 patients. We excluded n ¼ 13 because of absence of contralateral plaque, n ¼ 4 because of previous intervention, n ¼ 5 because of type 5 plaque (calcified with acoustic shadow) on the surgical side, and n ¼ 2 because of type 5 plaque on the contralateral side. Table 1 contains demographic and clinical characteristics of the study population. PCA reduced the number of imaging principal components to six: PCA1, PCA2, PCA3, PCA4, PCA5, and PCA6, which together represented 92.3% of the variation of all imaging variables. Two individual imaging features (% of pixels between gray scale 200 and 225, and % between 225 and 250) were removed before performing PCA, given that there were no plaques having pixels with gray scale >200, reducing total individual imaging variables to 50.
Of the patients, 45.1% had contralateral stenosis >50% of whom (73.6%) were symptomatic and 26.4% were asymptomatic. The mean GSM of the surgical side was 26.2 AE 27.0 with 79.8% of patients having a GSM <40. Furthermore, GSM did not differ significantly on the surgical side between asymptomatic and symptomatic patients 
Whole group analyses
PCA variables were moderately correlated between surgical and contralateral plaques in the whole group (Table 2 ). In addition, 42 of 50 individual imaging variables were significantly correlated between surgical and contralateral sides (Supplementary Table 1 ). The correlations ranged from .205 to .641.
Contralateral stenosis
We sought to determine if the correlation of imaging features was higher when the contralateral plaque stenosis was >50% stenosis vs. 50% stenosis ( Table 3 ). We found that in patients with >50% contralateral plaque stenosis, correlations were higher. PCA2 and 13 imaging variables were significantly more highly correlated in the >50% stenosis vs. 50% stenosis group. In these 13 variables, correlation coefficients ranged from .545 to .803 in >50% stenosis and À.094 to .439 in 50% stenosis. GSM was significantly (p ¼ .01) more highly correlated between the two sides in cases of >50% contralateral stenosis (r ¼ .596 vs. r ¼ .165 in 50%).
Symptomatology
Symptomatic patients had one PCA variable (PCA5) and 12 individual imaging features significantly more correlated than in asymptomatic patients ( Supplementary Table 2 ). Furthermore, PCA4 was approaching significance (r ¼ .355 in symptomatic vs. r ¼ À.057 in asymptomatic, p ¼ .06).
Type of symptomatology
We performed analyses based on the type of symptomatology (AF, TIA, stroke). Two PCA variables and nine individual imaging features were significantly different between groups (Supplementary Table 3 ). Most of these variables were significantly less correlated in TIA patients compared with either AF or stroke patients.
Time to ultrasound
We examined if the interval time between the event and ultrasound in symptomatic patients had an effect on the correlations under study ( Supplementary Table 4 ). Although, by visual assessment it appears that the >90 days group had significantly higher correlations (most were r ¼ .7-.9), only nine patients fit into the group, and therefore, we did not have enough statistical power to assess differences between groups. Time between event and ultrasound was 35 (10.5e77) days for AF, 21 (9e43) days for TIA, and 26 (10e60) days for stroke.
Intra-and inter-observer reproducibility
There was good intra-and inter-observer agreement. Intraobserver reproducibility for % pixels below gray scale 50 was À0.44 AE 1.68, whereas inter-operator reproducibility was 1.74 AE 4.62.
DISCUSSION
Using digital image analysis of ultrasound images, we have evaluated for the first time, the correlation of echodensity and texture features between high-grade stenosis carotid plaques in patients undergoing CEA and contralateral plaques. We found that (a) overall, there is moderate correspondence of imaging features between plaques undergoing CEA and the contralateral asymptomatic plaques, (b) the correlation of imaging features between sides is greater in patients with >50% contralateral stenosis, (c) symptomatic patients in our population appear to have greater correlation of imaging features between sides, (d) TIA patients appeared to have significantly less correlated imaging features compared with AF and stroke patients, and (e) increasing time between the symptomatic event and ultrasound may lead to an increase in the correspondence between sides.
Our findings support previous work suggesting that atherosclerosis is a diffuse disease. 18, 27 Here we have used digital image analysis to evaluate the correspondence of echodensity and textural features in carotid plaques in patients, rather than evaluating intima-media thickness or plaques in cadavers. Very few studies have evaluated imaging features of carotid plaque between the two sides using different imaging modalities or techniques. Saam et al. evaluated 23 patients with bilateral carotid stenosis with magnetic resonance imaging, where one side was symptomatic and the other was asymptomatic of any stenosis. 28 The two sides were similar in total wall area, lipidrich necrotic core, and calcification area. Ruiz-Ares et al. assessed GSM after image normalization in 66 symptomatic patients with bilateral carotid stenosis. 29 They found that GSM was 24 from the symptomatic side and 29 for the asymptomatic side (p ¼ .031). However, they did not assess the difference of textural features between sides.
We found that textural and echodensity features were correlated between sides. Interestingly, we found that symptomatic patients had a greater correlation between sides than asymptomatic patients. This is counterintuitive considering we might expect an acutely unstable plaque to have a different texture from a contralateral asymptomatic plaque. However, in our recruitment centers asymptomatic patients are only operated on if they have >70% stenosis and the stenosis has progressed significantly in the previous year (high-risk asymptomatic). Therefore, if there has been significant recent progression in stenosis, it is possible that texture and echodensity may have also changed significantly compared with the contralateral plaque. Furthermore, the mean time between event and ultrasound was 33.2e53.9 days depending on the symptom type. This might provide some time for the symptomatic plaque to remodel and appear more like the contralateral plaque on ultrasound. Indeed, it has been previously shown in large histological studies that in symptomatic patients as the time from their event increases, their plaques begin to stabilize. 24À26,30 This suggests that as time to ultrasound increases we would expect the correlation of imaging features to increase (assuming a more stable asymptomatic contralateral plaque). Although we did see a trend of increasing correlation with increased time between event and ultrasound, we did not have the power to detect statistically significant differences. Furthermore, the high correlation of textural features between the symptomatic and asymptomatic side found in our study, may explain the high stroke hazard ratio (HR 2.2, 95% CI 1.2-3.79) found in patients with asymptomatic carotid astenosis who had a history of contralateral TIAs at least 6 months prior to admission to the ACSRS natural history study. 39 We also found differences in correlations between the type of symptomatology. In general TIA patients had a lower correlation between sides compared with AF and stroke patients. This follows the previous studies that found that plaques from TIA patients remain unstable over a longer period of time and do not remodel quickly. 25, 26, 30 This could be explained by the fact that patients tend to have multiple TIAs, which leads to instability over a longer period of time. 31 It is important to note that treatment with certain medications, such as statins could alter plaque morphology. Indeed, it has been shown that statin treatment causes a decrease in plaque volume and lipid core size, while increasing fibrous tissue content. 32, 33 However, in our population presumably the effect of statins would be similar on both plaques. Nevertheless, we have adjusted for statin use and approximately 70% of our population were taking statins.
We performed a sub-analysis to determine if correspondence of imaging features was dependent on the degree of contralateral stenosis. We found significantly greater correlations in patients with hemodynamically significant (>50%) contralateral stenosis. However, it is striking that even small contralateral plaques (<50%), although to a lesser extent than the !50% plaques, tend to be somehow unstable in the presence of an unstable ipsilateral plaque, possibly as a result of sharing the same unfavorable milieu. As plaques with unstable features are more likely to progress in the future to produce cerebrovascular events, 6À8,11,34 if the surgical plaque is unstable then the contralateral plaque should likely be monitored more closely and perhaps treated more aggressively using medical or surgical interventions, particularly when the contralateral plaque causes hemodynamically significant stenosis. Indeed aggressive medical treatment with high-dose atorvastatin in the Stroke Prevention by Aggressive Reduction in Cholesterol Levels (SPARCL) trial was shown to decrease the risk of cerebrovascular and cardiovascular events in patients with carotid stenosis. 35, 36 Furthermore, carotid intimamedia thickness was reduced by aggressive lipid-lowering treatment to below 1.8 mmol/L (70 mg/dL). 37 There are limitations to this study. Our study was crosssectional; longitudinal data would be important to examine the progression of the contralateral plaques and if the surgical plaque features can predict the risk of development of unstable contralateral plaques or development of symptomatology. Although we did recruit significantly more patients than previous studies, we still did not have enough power to detect statistically significant differences in the time to ultrasound analyses. We also used highresolution ultrasound, which does not have the resolution of MRI. Although the digital image analysis software can be applied to images from any image modality, we used ultrasound, as it is the modality most widely used in everyday clinical practice to assess carotid stenosis. Therefore, by using ultrasound we increased the applicability of our results. As our image analysis program has not previously been validated against histology, we cannot comment on association of histological features between sides. We did have a recruitment bias for our asymptomatic patients. Therefore, our finding with respect to differences between symptomatic and asymptomatic patients may apply only to high-risk asymptomatic patients. We also did not perform time to ultrasound analyses with more detailed cut-offs in the 0e30 day window (such as 0e14 or 15e30 days). However, our chosen cut-offs were in line with the literature. 24À26
CONCLUSION
For the first time we have shown that both textural and echodensity features of carotid plaques are similar between two sides in patients with bilateral stenosis. The similarity increases when the contralateral plaques cause higher degree of stenosis. This implies that atherosclerosis is a diffuse disease, not only in terms of presence but perhaps also in terms of instability. Furthermore, our data suggest that patients with unstable features of one carotid plaque should perhaps be monitored more closely or treated more aggressively for their contralateral stenosis, particularly when their contralateral plaque causes hemodynamically significant stenosis. This will need to be investigated using longitudinal studies in the future, which may result in better selection of patients for CEA even with lower grade stenosis or decision to perform bilateral CEA.
